We investigate the microstructure and thermal stability of hydrogenated amorphous silicon ͑a-Si:H͒ thin films deposited by high-density plasma chemical vapor deposition ͑HDP-CVD͒ with various biases using radio frequency ͑rf͒ power. The a-Si:H films were prepared without external heating at a high rf power density of 3.18 W/cm 2 , with the rf power bias varying from 0 to 200 W. Because sputtering also occurs during deposition, hydrogen may be present in a variety of bonding configurations in the a-Si:H films with various biases. Fourier transform infrared spectra show that the HDP-CVD a-Si:H films possess more hydrogen content as well as Si-H 2 stretching modes than the conventional plasma-enhanced CVD counterpart. The surface morphology of the films becomes smooth upon ion bombardment under rf bias. In addition, variations of the film stress against temperature correlate to the hydrogen desorption at different stages during thermal annealing. More importantly, the different Si-H x bonding configurations affect the crystallization behavior upon thermal annealing. Hydrogenated amorphous silicon ͑a-Si:H͒ thin films have been widely used in thin-film transistors ͑TFTs͒, solar cells, and optoelectronic devices. [1] [2] [3] [4] [5] Microstructure and stability of a-Si:H vary with deposition methods and growth conditions due to its structure flexibility. Despite its amorphous character, a-Si:H has an optical gap and shows photoconductivity, which can also be varied by doping with boron or phosphorous, analogous to crystalline semiconductors. The properties of a-Si:H are influenced by the amount of hydrogen bound to the silicon network, which in turn is controlled by the substrate temperature and the hydrogen-silicon surface chemistry involved in the growth. Deposition techniques that are used for growing a-Si:H films include plasma-enhanced chemical vapor deposition ͑PECVD͒, electron cyclotron resonance CVD, hot-wire CVD, and reactive magnetron sputtering. A-Si:H films have been most commonly fabricated by PECVD with radio frequency ͑rf͒ glow-discharge decomposition of SiH 4 at 13.56 MHz. However, the deposition rate for high-quality films is rather limited, typically in the range of 0.1-0.5 nm/s. 6 The easiest method to increase the deposition rate in CVD is by increasing the power density. However, the properties may deteriorate, as it is known that high rf power tends to increase the probability of plasma polymerization reactions, 7 which were found to be the dominant homogeneous process controlling the microstructure, hydrogen content, and bonding properties of the films. There are studies showing that increasing the rf power first leads to a deterioration and then to an improvement of the a-Si:H film properties as the deposition rate increases. 6, 7 High-density plasma ͑HDP͒ is a type of advanced CVD technology in which the density of the plasma is higher ͑10
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12 n/cm 3 ͒ than that used in conventional PECVD ͑10 8 to 10 10 n/cm 3 ͒. This high ion density enables the HDP-CVD technology to integrate a powerful sputtering process into the deposition while still maintaining acceptable net deposition rates. In addition, when an electrical rf power bias is applied to the substrate during deposition, the sputtering is enhanced and the film properties change, phenomena which have not been examined before. In this paper, we report on the effect of rf power bias on the properties of the a-Si:H films deposited by HDP-CVD, including bonding configurations, thermal stresses, and surface morphologies, which are compared to those properties on film produced by the conventional PECVD. Furthermore, the crystallization behavior of the films is examined upon annealing. We also provide a method to determine the microstructure transformation from the film stress variation.
Experimental
The a-Si:H films were deposited by a HDP-CVD system operated with the gas sources of SiH 4 and Ar at flow rates of 45 and 115 sccm, respectively. p-Type Si͑100͒ wafers of 200 mm diameter and 725 m thickness were used as the substrates for all films on which stress measurements were performed. The thickness of the a-Si:H films was measured by spectroscopic ellipsometry. The working pressure of the deposition chamber was 20 mTorr, and the rf power density was 3.18 W/cm 2 , while the bias power was varied from 0 to 200 W with a step size of 100 W. The bias rf system of HDP-CVD is connected to the cathode and an electrical rf power bias was applied to attract the ions in order to adjust the ion bombardment during deposition. In order to make a fair comparison between films, the film thickness was fixed at 250 ± 10 nm. For comparison, an a-Si:H film was also deposited by capacitively coupled rf ͑13.56 MHz͒ PECVD operated with an rf power of 140 W at the working pressure of 4 Torr, and the rf power density was 0.45 W/cm 2 . Under this condition, the film had a similar deposition rate to that deposited by HDP-CVD. The deposition temperatures of a-Si:H films in HDP-CVD and PECVD were 370 and 400°C, respectively. Fourier transform IR spectroscopy ͑FTIR͒ was used to study the bonding configurations of the films, and a bare silicon substrate was scanned to obtain a reference spectrum.
A commercial curvature measurement tool ͑Frontier Semiconductor Measurements, FSM900TC͒ was used to examine film stress in situ, in which the wafer was heated from 25 to 600°C by six tungsten-halogen lamps at a heating rate of 10°C/min in an evacuated chamber at ϳ10 −6 Torr. The stress was determined by measuring the change of the substrate curvature induced by the deposited layer. During annealing, thermal desorption spectrometry ͑TDS͒ was employed to in situ monitor molecular desorption behavior for material stability as a function of temperature. The surface morphology of each sample was scanned by atomic force microscopy ͑AFM͒ on a 1 ϫ 1 m area at the scan rate of 1 Hz. The structural characteristics were investigated by Raman spectrometry.
Results and Discussion
In amorphous silicon, H atoms are bonded to Si orbitals, i.e., Si-H bonds, having a binding-energy of ϳ3 eV, considerably greater than that of Si-Si bonds. 8 This is why hydrogen easily resides in an a-Si film. Figure 1 shows FTIR spectra for the bonding configurations of the a-Si:H films deposited by HDP-CVD at different bias powers compared with those deposited by the conventional PECVD. The phonon modes can be divided into three groups, which are located at 2000-2200, 840-900, and ϳ630 cm −1 in Fig. 1a -c, z E-mail: ylwang@tsmc.com respectively. The first group in Fig. 1a consists of two stretching vibration modes located at 1990-2000 cm −1 for Si-H bonding and at 2080-2100 cm −1 for Si-H 2 bonding. The results show that hydrogen is mainly bonded as an isolated monohydride in the PECVD a-Si:H film compared to the Si-H 2 stretch mode in the HDP-CVD films, which might arise from polyhydrides, clustered hydrogen, and Si-H 2 bonds. [9] [10] [11] Many reports have revealed that the predominant bonding environment for the hydrogen clusters is of four to seven atoms and divacancies have been proposed as possible configurations for these hydrogen clusters in the a-Si:H network. 5, 10, 12 Smets et al. 10, 12 also determined the silicon hydrides Si-H n ͑n = 1 or 2͒ at void surfaces by means of the high stretching mode ͑2070-2100 cm −1 ͒ with higher hydrogen concentration. The second group in Fig. 1b shows the spectra of the samples from the Si-H 2 bending vibration modes, which can be further divided into the Scissors mode at 890 cm −1 and the Wagging mode at 850 cm −1 . The results coincide with the previous results in that the HDP-CVD a-Si:H films contain a significant amount of the Si-H 2 bonding while the PECVD a-Si:H film does not. Moreover, the trend of decreasing the peak intensity with increasing bias power for the samples deposited by HDP-CVD is also consistent with the previous results in Fig. 1a . Therefore, the a-Si:H films deposited in highdensity plasma environment would contain a large amount of dihydrides, but these would decrease with increasing rf power bias. This suggests that the rf power bias enhances the effect of ion bombardment and raises the ionization. The third group in Fig. 1c is a broadened peak located at ϳ640 cm −1 for the Si-H wagging mode, where every H bonded to silicon contributes to this mode and consequently, this peak is used to determine the hydrogen density. 10 The total hydrogen concentration is higher in the HDP-CVD films but is slightly influenced by the rf power bias. The FTIR results clearly show that the bonding characteristics and thus, microstructure of the a-Si:H films vary with the deposition method and conditions. Figure 2 shows atomic force microscopy ͑AFM͒ images of the surface morphology of the a-Si:H films deposited by PECVD and HDP-CVD with rf power bias. It can be seen clearly that compared to the PECVD film, the HDP-CVD film at zero bias has a higher roughness, which is reduced to significantly less than that of the PECVD film and even decreases significantly with the rf bias. The a-Si:H film deposited in high-density plasma would increase the deposition rate, leading to surface valleys. The surface valleys that cause the high surface roughness might finally evolve into nanosized voids in the bulk during film growth, which may have a deleterious effect on the film properties. The void incorporation is controlled by the competition between the diffusivity of surface species and the arrival rate of the growth precursor at the surface. 12 When increasing the rf power bias, the sputtering rate increases, leading to the smooth surface and densified structure. In advanced manufacturing, while a smooth surface is required for thin-film transistors, rougher surfaces are useful in solar cells for their higher light trapping.
In order to further verify the bonding configurations of hydrogen in the Si network and thermal stability of the a-Si:H films, TDS was used and the results are shown in Fig. 3 , where H 2 , Si-H, and Si-H 2 desorption spectra are monitored in the channels of 2 ͑Fig. 3a͒, 29 ͑Fig. 3b͒, and 30 amu ͑Fig. 3c͒ from 25 to 600°C, respectively. By comparing the integrated area under each curve between different samples, Fig. 3a shows that a larger amount of hydrogen was released from the a-Si:H films deposited by HDP-CVD than by PECVD. However, upon examining the details of the curves, the entire hydrogen evolution for these samples behaves very differently. First, hydrogen desorption from the PECVD sample starts at around 250°C, indicating that the a-Si:H films are stable below this temperature, consistent with the results reported in Ref. 4 . Between 250 and 600°C, the PECVD a-Si:H was decomposed by the desorption of H 2 ͑Fig. 3a͒ and Si-H ͑Fig. 3b͒ throughout the film. The second type is the HDP-CVD sample with zero rf power bias, where Fig. 3a shows an extended H 2 desorption peak from 170 to 600°C which is attributed to the clustered hydrogen trapped in the Si network. 3, 4 In addition, both the Si-H ͑Fig. 3b͒ and Si-H 2 ͑Fig. 3c͒ desorption spectra show a peak around 280°C, apparently from the bonded Si-H n ͑n = 1 − 2͒ groups. 3, 4 The third type of the hydrogen desorption spectra is the HDP-CVD samples with rf power bias, shown as the solid curves in Fig. 3a . Comparing the H 2 and hydride desorption curves with the FTIR spectra, the complicated hydrogen desorption curve in this case might be attributed to three types of hydrogen compounds. The first peak occurring between 150 and 250°C has been suggested to be from polysilane-like structures with hydrogen-rich intercolumnar regions, which results in the clustering of H 2 . 13 The second peak, occurring during the range from 250 to 400°C, corresponds to hydrogen elimination from the regions in the amorphous network that contains hydrogen atoms in close proximity to each other or involving hemolytic rupture of Si-H 2 bonds yielding atomic hydrogen ͑Fig. 3c͒. The third hydrogen desorption peak, occurring at ϳ525°C, can be attributed to the Si-H groups embedded in the a-Si:H film and on the a-Si:H/Si interface. 4 The hydrogen desorption from Si-H happens later than that from Si-H 2 due to the higher activation energy involved in the hydrogen decomposition of Si-H ͑295 kJ/mol͒ than that of Si-H 2 ͑153 kJ/mol͒. The absence of the Si-H 2 desorption in the HDP-CVD films with rf power bias in Fig. 3c might be related to the dense structure.
One of the important properties of hydrogen in amorphous silicon is induced crystallization.
14,15 Sriraman et al. 14 has reported that crystallization is mediated by the insertion of H atoms into strained Si-Si bonds as the hydrogen atoms diffuse through the film, where the presence of hydrogen leads to disorder-to-order transitions by annihilating the strained Si-Si bonds in the a-Si:H film. Therefore, the microstructure evolution of the a-Si:H films with temperature was performed to realize the crystallization process. The stress of the a-Si:H films was first examined from 25 to 600°C by the variation of the curvature, as shown in Fig. 4 . The initial stress of the HDP-CVD a-Si:H film without rf bias ͑square͒ is closest to neutral, which might arise from the formation of microvoids and the SiH 2 bonds. The HDP-CVD a-Si:H films with rf power bias exhibit compressive stress, which might be attributed to Si or H atoms introduced by ion bombardment or H 2 molecules trapped inside the a-Si:H films. Comparing the film stress variation with the hydrogen desorption spectra, it can be found that hydrogen concentration in the Si network strongly affects the film stress. The irregular inflection of the temperature variation of the a-Si:H film stress has been ascribed to not only the variation of thermal expansion coefficient ͑CTE͒ but also structure or density mismatches between the film and substrate. 16, 17 However, the stress changes from compressive to tensile drastically at ϳ280°C for all the HDP-CVD samples, meaning that the silicon film itself shrinks during the crystallization. There are two possible mechanisms for the volumetric shrinkage of the film. One is the degassing of the incorporated hydrogen, which occurs at roughly the same temperature from the hydrogen desorption spectra in Fig. 3a . The other is the reordering of the bond angle during crystallization. 17 When the temperature increases above 350°C the atomic structure rearrangement into the crystalline phase is likely to happen, and this could be responsible for stress relaxation. A similar phenomenon appears for the PECVD sample, where the inflection point is delayed to a higher temperature of ϳ400°C. According to the results shown in thermal desorption spectra ͑Fig. 3͒, the film stress change should be related to the desorption of the monohydride embedded in the a-Si:H film. From the results of the film stress as a function of temperature, the microstructure of the a-Si:H films deposited by PECVD is different from that of films deposited by HDP-CVD.
The intensity of Raman scattering is sensitive to the degree of the structural disorder in solids, so this method can be used to measure relative fractions of the amorphous to the crystalline phases. Figure  5 shows Raman spectra in the range of 350-650 cm −1 from the as-grown a-Si:H films deposited by PECVD and HDP-CVD with various rf power biases, as well as the annealed films at the temperatures of 250 and 350°C for 1 h. The selected annealing temperatures correspond to the abnormal points on the film stress variation shown in Fig. 4 . The Raman spectra exhibit two characteristic peaks, including a single sharp peak at about 520 cm −1 and a broad peak around 475 cm −1 , corresponding to crystalline and amorphous silicon, respectively. The more pronounced peak at 520 cm −1 for all the HDP-CVD films indicates that the microcrystalline grains are embedded in the as-deposited films. 18 Previous works deemed that Si-H 2 and Si-H 3 are the main bonding modes for the interface between grains in c-Si:H film. 18, 19 Compared with the FTIR spectra, the Si-H 2 stretching configuration is observed with increasing crystalline fraction and it is believed that hydrogen is mainly bonded at the grain boundary to passivate the dangling bond. Therefore, the a-Si:H film deposited by HDP-CVD had more microcrystalline structure than by PECVD. The broad peak might be composed of two peaks, where one is the amorphous Si peak at 475 cm −1 and the other is located at 490-496 cm −1 , assigned to a crystalline-like structure. Therefore, the ratio of amorphous to crystalline structure in the film can be determined by the position of the broad peak, which is located at 480, 475, 482, and 496 cm −1 for the PECVD and HDP-CVD samples with rf power bias of 0, 100, and 200 W, respectively. For the a-Si:H films deposited by HDP-CVD, the broad peak shifts to a higher wavenumber with increasing rf power bias, implying that the ratio of ordered microstructures increases with increasing ion bombardment. Upon annealing, the broad peak positions of the PECVD sample and HDP-CVD sample without rf power bias remain the same, suggesting that the structure did not change at 250 and 350°C annealing ͑Fig. 4͒. Nevertheless, the broad peak position of the HDP-CVD samples with rf power bias show a shift toward the lower frequency of ϳ475 cm −1 when annealed at 250 and 350°C. This result indicates that while the amorphous phase in these samples remains stable, the ordered domains are unstable upon annealing and some of them have transformed into the crystalline phase, resulting in the red shift. Therefore, the phase transformation of the a-Si:H films can be examined by the characterization of film stress with Raman spectrum as a function of temperature.
Conclusions
We have examined the properties, such as bonding configuration, hydrogen desorption, stress, and surface morphology of as-deposited a-Si:H films deposited by HDP-CVD with various biases compared with films deposited by PECVD. The FTIR spectra show almost similar bonding configurations in all the samples deposited by HDP-CVD, but they differ from these deposited by PECVD. Therefore, comparing the thermal desorption results with the FTIR spectra, the majority of Si-H with few Si-H 2 bonds are embedded in the bulk a-Si:H film deposited by PECVD. The higher peak intensity of the stretch mode at 2080-2100 cm −1 of the samples deposited by HDP-CVD is mainly due to the dihydride and clustered hydrogen in the bulk and surface, but the concentration of the dihydride decreases with increasing rf power bias. Because the rf power bias enhances the ionization energy and ion bombardment, which can break the Si-H 2 bonds more easily than that without rf power bias. In addition, the surface morphology of the HDP-CVD a-Si:H films with bias also showed improved surface flatness under ion bombardment. The film stress variation indicates that the HDP-CVD a-Si:H films have a smaller activation energy for crystallization because the bonded hydrogen is desorbed at a lower temperature. The blue shift of the broad peak ͑475-496 cm −1 ͒ of the Raman spectra in the HDP-CVD a-Si:H films with increasing rf power bias suggests that the crystalline-like structure embedded increases with ion bombardment. After annealing, the broad peak of all the HDP-CVDa-Si:H films with bias shifts toward 485 cm −1 , indicating that while the amorphous structure remains, some of the embedded crystalline-like structure has transformed into the crystalline phase. The microstructure transformation of the a-Si:H films varies with different methods, as evidenced from the Raman spectra, which can correspond to the variations of the film stress. The properties of the a-Si:H films deposited by HDP-CVD are different from those for the films deposited by PECVD, and the effect of rf power bias is significant on the microstructure.
